D-D neutron generator called the High Flux Neutron Generator (HFNG). It operates in the range of 100-125 keV of accelerating voltage. The generator produces neutron current of about 10 8 per second. These neutrons have energies between 2.2 -2.8 MeV. We report here the results of a measurement of the scattered vs unscattered neutron fluence on polyethylene determined via neutron activation of multiple natural indium foils from a D-D neutron generator. Both the angle-integrated spectrum and the angle differential results are consistent with the predictions of the Monte Carlo N-Particle Transport (MCNP) code, using the ENDF/B-VII.1. This supports shielding calculations in the fast energy region with high density polyethylene (HDPE). To the best of our knowledge no integral benchmark experiment has been performed on polyethylene using D(D,n) 3 He neutron spectrum.
Integral benchmark experiments are used to test the accuracy and reliability of evaluated nuclear data over a range of particle energies and angles. They are a rich source of information with which a wide range of validation and comparison exercises can be made 1 . Such benchmark experiments provide global measures of data performance for applications and are a valuable resource for nuclear data testing and evaluation efforts 2 .
Inconsistencies in the basic nuclear data file can then be determined and feedback given to the evaluator, thus providing an iterative approach to correct, modify, and improve the recommended nuclear data in the files 3 , making them an essential part of the nuclear data evaluation process. As a result, integral experiments play an essential role in nuclear data validation and improvements 4 .
Integral benchmark data sets are particularly valuable for materials that are commonly used in the fabrication and shielding of nuclear energy systems. Polyethylene is an important material in shielding of humans from the neutron radiation due to the moderating ability of hydrogen. The polyethylene is often used in conjunction with materials that have a high thermal neutron capture cross section such as boron, cadmium and gadolinium, in order to absorb the moderated neutrons. In most cases these high thermal neutron cross section materials are dispersed inside polyethylene. To determine if the evaluated nuclear data for the constituent elements in polyethylene accurately reproduce what is observed in a shielding experiment, Monte Carlo simulations of radiative capture and inelastic scattering reaction rates carried out using MCNP 5 were compared to values measured using the High Flux Neutron Generator (HFNG) on the UC-Berkeley campus 6 . To the best of our knowledge no integral benchmark experiment has been performed on polyethylene using D(D,n) 3 He neutron spectrum.
II.

THE EXPERIMENT
The experiment was done at a High Flux Neutron Generator (HFNG) in the Department of Nuclear Engineering, University of California at Berkeley. The HFNG produces neutrons via D(D,n)alpha reaction. The geometry of the HFNG is shown in Figure 1 and described in 7 . The HFNG consists of ion sources, a self-loading titanium target and aluminium chamber. The target is enclosed in the aluminium chamber. Deuterons from the ion source are accelerated onto the self-loading target. Deuterons adsorbed on the target migrate to the surface of the target and interact with incoming deuterons to produce neutrons via the D(D,n)alpha reaction. The HFNG was designed to use two ion sources.
However, only one of the ion sources was used for this experiment. Eight natural indium foils of approximate radius 0.45 cm, approximate thickness 0.05 cm and whose masses ranged from 0.0734 -0.3074 g were put in the target holder made of aluminium with a polyethylene handle as shown in Figure 2 Two set of experiments were done. In the first experiment the target holder was inserted into the slot at the centre of the titanium target and positioned in such a way that the axis of the central indium foil is along the direction of the deuteron beam. At this position, the foils are approximately 1 cm behind the neutron production area. Plates of polyethylene 20 cm thick were used to cover the chamber as shown in Figure 2 (a). The foils were then irradiated for four hours. At the end of irradiation, the foils were left to cool down for 30 minutes so that activation products with short half-lives would decay away, making it safe to handle the foils.
Gamma-rays from the reaction product were observed using a High Purity Germanium (HPGe) detector. Each foil was counted for 5 minutes because of the short half-life of 49 116 1 .
While counting was being done, a second set of indium foils was irradiated, with the polyethylene plates surrounding the chamber removed. The details of the foils and irradiations are shown in Table 1 , Table 2 , and Table 3 . The uncertainty in waiting time is no more than 60 seconds.
Experiment irradiation time (minutes)
Without polyethylene plates 240±1
With polyethylene plates 240±1 Table 3 . Foil masses and counting details for the irradiation in which polyethylene plates are in place. The ROOT data analysis code was used to remove the background and then fit a gaussian function to the 416.9 keV energy peak. Fit parameters were then used to calculate the counts. The results of this fit are shown in Figure 4 . These intensities are presented in Table 4 , together with the associated statistical error. Table 4 . Counts of the 416.9 keV gamma peak.
Because the axis of the central indium foil may not coincide with the deuteron beam, a quadratic surface fit was performed to determine the axis of the beam through the foil by making use of quadratic dependence of neutron yield with angle 8 . The result was used in the MCNP calculation to ensure that the simulation is done under the same geometric configuration of the experiment. 
III. MCNP simulation
The angular distribution of energy and yield of neutrons in D(D,n) 3 He reaction as a function of deuteron energy are well known and are described in 8, 9 . Using those references, an MCNP input file was built for the HFNG. This is described in 7, 10 .
A two-dimensional MCNP rendering of the geometry of the D-D neutron generator is shown in Figure 6 . The simulation involves calculating the rates of radiative capture to the 116m1 In metastable state with polyethylene plates cover in place as shown in Figure 6 (a) , and then without the polyethylene plates cover in place.
Primary neutrons produced in the HFNG undergo radiative capture into the 127.3 keV energy level in 116 In, producing 116m1 In that has a half-life of 54.29 minutes, 11 . as given in ENDF/B-VII.1 nuclear data 13 retrieved from 14 as given by 15 .
A billion neutrons were simulated on the Berkeley Research Computing cluster using 24 core processors. The ratio of rates of formation of In 49 116m1 was then extracted from the output and is shown in Table 5 . 
Foil number polyethylene/no polyethylene
IV. Data analysis
IV.A. Production and decay of radioactivity
Radioactive isotopes decay at the same time as they are being produced in nuclear reactions. The amount of the radioactive isotope at any time depends on its production rate and rate of disintegration A. Let j be the radionuclide:
(Eq. 2) is the rate equation. It could be re-written using the fact that A = N j λ j , as:
This is a first order linear differential equation whose solution yields the concentration of atom Nj at any given time as:
The number of atoms of isotope j at the end of irradiation time t = t i is:
After irradiation, N j1 decays exponentially. Thus, for a waiting time t d , the number of remaining atoms, 2 , is given by:
If the number of either 416.9 keV gamma rays emitted are counted for a time t c , the number observed is given by:
Since not every decay result in emission of the gamma ray of interest and not every gamma ray emitted by the atoms is detected by the detector, the number of counts is therefore given as:
Where BR is the branching ratio of the gamma ray and ϵ is the absolute full-energy peak efficiency of the detector for the gamma ray.
∴ N γ = R j λ j (1 − exp(−λ j t i )) × exp(−λ j t d ) × (1 − exp(−λ j t c )) × × ϵ (5)
IV.B. Validation of Polyethylene Nuclear Data by 116m1 In double ratio method.
Validation of the nuclear data for carbon and hydrogen in polyethylene is done using a double ratio method. First, the ratio of 116m1 In formation rate in the presence and absence of polyethylene plates cover is calculated for both experiment and simulation. The ratio of these two ratios is formed to see how experiment compares to the simulation.
This approach has two advantages. One, the calculation of efficiency is not required since the efficiency term cancels out. Two, branching ratios also cancel out. Therefore, uncertainties from efficiency and branching ratio vanish. Furthermore, the difference in irradiation time is negligible and within the uncertainty in irradiation time. However, since the mases of the indium foils are not the same, the experimental ratio must be normalized by the masses of the indium foils.
Using (Eq. 5), the number of the 416.9 keV gamma rays detected after counting for a time t c is:
(1 − exp(−λ 116m1 t c )) × BR 416.9 keV × ϵ 416.9 keV (6)
And thus R 116m1 = N 416.9 keV × λ 116m1 (1 − exp(−λ 116m1 t i )) × exp(−λ 116m1 t d ) × 1 (1 − exp(−λ 116m1 t c )) × B. R 416.9 keV × ϵ 416.9 keV (7) Taking the ratio of rates (Eq. 7) between the case with polyethylene plate in place to that without it, and noting that irradiation time is the same, gives: Table 6 . The ratio of 116m1 In production rate for when polyethylene plate is present and when absent.
V. RESULTS AND DISCUSSION
V.A. Angle Differential Results
Taking the rate ratio of simulation to experiment ( Table 5 and Table 6 ), Table 7 . Simulation to experimental ratio of 116m1 In rate of formation.
A plot of Table 7 , showing simulation/experiment vs foil number is shown in Figure 7 . 
V.B. Angle integrated results
The average angle integrated value of the ratio of simulation to experiment is:
( ) = 1.034 ± 0.049 (9) The uncertainty estimate that needs to be added to the MCNP simulation result is then given by:
This is 3.4% and is within the uncertainty in the experimental measurements in Table 7 .
Thus, this again shows that the evaluated scattering cross section data of hydrogen and carbon in polyethylene reproduced very well what was observed in experiment for neutron energies in the spectrum of D-D neutron generator.
V.C. Systematic error
The major source of systematic error was the alignment of the indium foils in respect to deuteron beam direction. In an ideal situation, the central indium is supposed to be centered on an axis defined by the deuteron beam direction. However, it is difficult to assure it. Hence, this lack of knowledge of the precise alignment of the indium foils introduces systematic error. Since neutron yield has a quadratic dependence on angle 8 , the uncertainty in foil alignment can be estimated by a quadratic surface fit to the neutron flux at each foil location when there was a no polyethylene plate covering the HFNG.
Using the uncertainty, the position of the indium foils in the MCNP simulation were adjusted and simulations carried out to determine the upper and lower limits of the systematic error. Figure 8 shows the plot of the systematic error superimposed on the statistical error. 
VI Conclusions
Using radiative capture reaction in indium foils, we have shown that the evaluated neutron scattering cross section data for the elemental components of polyethylene: hydrogen and carbon, agree with experimental measurement within limits of statistical error. The results from these foils are all within one sigma of the expected value of unity. Using multiple foils at different angles ensures that different neutron energies in the primary spectrum are considered and also decreased the possibility of compensating errors influencing the results.
The use of multiple foils presented a challenge: because only a single HPGe was used in collecting the spectra, the short half-life of 116m1 In made it impractical to count the foils for a long time. A short period of 5 minutes had to be used. This resulted in statistical error in Table 4 being higher. In order to reduce this statistical error, each indium foil needs to be counted for a longer time. The best approach is simultaneous counting of all the foils. We suggest that a future work should take this into consideration.
Literature search shows that there has not been any work on benchmarking polyethylene using D-D generator neutron energy spectrum. Thus, our work appears to be the first to The authors are aware that ENDF/B-VIII.0 has been released. When the work was started, however, ENDF/B-VIII was in beta version and so was not used.
